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DNA double-strand break repair and cancer
The eukaryotic genome continually cycles between diploid (G1) and tetraploid (G2) states. These different DNA contents, known as ploidy, have a dramatic influence on the processes available to repair DNA aberrations caused by both endogenous and exogenous genotoxic agents. The most onerous of such lesions are represented by DNA double strand breaks (DSBs). Commonly used anti-cancer agents such as ionizing radiation (IR) and topoisomerase inhibitors exert their cytotoxicity via increased DSB formation (Sung et al. 2006) . DSBs can also arise as a result of physiologic events that occur while replicating DNA (replication forks) encounters a lesion that causes replication fork stalling and collapse (Osborn et al. 2002) .
There are two predominant mechanisms for DSB repaira process that utilizes homologous sequences on the sister chromatid as a template for repair known as homologous recombination (HR), and a repair mechanism termed nonhomologous end-joining (NHEJ) that can ligate either contiguous or non-contiguous sequences in the genome (Fig. 1a) . Cell cycle stage is the primary determinant of DSB repair mechanism. By definition, HR by sister chromatid recombination (SCR) requires the presence of an intact sister chromatid and thus replication of the homologous DNA regions of a DNA DSB must exist in order for SCR to occur in S and G2 cell cycle phases. Indeed, many DNA repair proteins that are directly involved in HR, fail to concentrate at DSBs in G1 (Lisby et al. 2004) . Thus G1 cells repair DSBs by NHEJ, while both NHEJ and HR can occur in S and G2 phases.
Asynchronous cell populations repair DSBs in a biphasic manner with the majority of repair occurring within 30 min and the remaining breaks being repaired over hours ). BRCA1 and BRCA2 have a greater influence on the kinetics of the slow phase of DNA DSBR that likely represents DSBs repaired by HR, or alternatively, more difficult to repair DSBs that require additional processing (Scully et al. 1999) .
Given the cell cycle dependence of DNA repair mechanisms, it is thus not surprising that cyclin dependent kinase (CDK) activity appears to be a key driving force in the initiation of events necessary for HR. Studies in yeast reveal that CDK1 is required for 5′ to 3′ DSB resection required to generate single stranded DNA (ssDNA) for nucleation of Rad51 presynaptic filaments . Consistent with a model whereby HR and NHEJ are in dynamic competition (Myung et al. 2001; Pierce et al. 2001; Frank-Vaillant and Marcand 2002; , HR is reduced and DSBs are instead preferentially repaired by NHEJ upon inhibition of CDK1 ). Mammalian cells also process DSBs for HR only in S and G2 cell cycle phases as both RPA and Rad51 recruitment to laser-generated DSBs only occurs in S and G2 cell cycle phases (Bekker-Jensen et al. 2006) . The molecular determinants of DNA repair mechanism choice at a DSB in S and G2 phases are largely unknown.
NHEJ is an error-prone process that enzymatically joins DNA ends. This repair process is performed by a protein complex consisting of the DNA binding Ku70/Ku80 heterodimer, the phosphoinositide kinase-related kinase (PIKK) family member DNA-PK, and the XRCC4/Ligase IV DNA ligase (Lieber et al. 2003) . A particularly dangerous situation is when NHEJ is active in a cell containing more than 1 DSB. In this scenario NHEJ can repair breaks by joining non-contiguous chromosomal regions, resulting in a chromosomal translocation . As opposed to NHEJ, accurate HR does not contribute to translocation events stemming from the presence of multiple DSBs induced by endonucleases . A perhaps even more complicated array of reactions is necessary for HR repair of a DSB. Deficits in genes involved Fig. 1 Models for DSB repair and for recognition of different DSB regions by repair proteins. a DNA DSBs can be repaired by either homologous recombination or non-homologous end joining mechanisms. Homologous recombination proceeds by a series of depicted DNA processing events to allow repair of a DSB by copying of the homologous region on the sister chromatid. Non-homologous end joining can repair DSBs by ligating contiguous (red or blue) stretches of DNA or non-contiguous regions (red and blue), resulting in chromosomal translocations. b Several different regions exist at the site of a DNA DSB. Nucleosomal clearing occurs directly adjacent to the DSB, followed by long stretches of chromatin modifications characterized by γH2AX-MDC1. BRCA1-BARD1 heterodimers accumulate at both the DNA and chromatin regions at DSB sites. BRCA1-BARD1 DSB chromatin accumulation is dependent on γH2AX-MDC1. Ubiquitin chains are also abundant at chromatin regions flanking DSBs in any of these steps predisposes to cancer. In fact, the most common forms of hereditary breast and ovarian cancer occur in response to inactivating mutations to the breast cancer susceptibility genes, BRCA1 and BRCA2. These gene products are required for efficient HR repair of a DSB (Moynahan et al. 1999; Snouwaert et al. 1999; Moynahan et al. 2001 ). BRCA1 and BRCA2 mutated cells also show similar types of spontaneous chromosomal abnormalities including chromosome and chromatid breaks as well as triand quadriradial chromosomes (Venkitaraman 2002) .
Homologous recombination proceeds by the general scheme outlined in Fig. 1a . DSB 5′ to 3′ end resection produces a stretch of single-stranded DNA (ssDNA) that is coated by the single-stranded DNA binding protein RPA. This allows recruitment of the ATRIP-ATR heterodimer needed to phosphorylate and activate the CHK1 kinase as well as other repair factors required for S and G2 checkpoint activation . These regions of ssDNA become the substrate for subsequent Rad51-dependent strand invasion reactions into homologous regions of the sister chromatid. Rad51 catalyzes the strand exchange reaction allowing invasion into the homologous region on the sister chromatid to create Holliday Junction (HJ) recombination intermediates.
HR is tightly controlled by delivery systems for the Rad51 recombinase. Two factors necessary for efficient Rad51 delivery are the BRCA1 and BRCA2 tumor suppressors. BRCA2 likely plays a direct role in delivering Rad51. The strand invasion reaction has been elegantly modeled in vitro to demonstrate that BRCA2 delivers Rad51 to displace RPA coated by ssDNA (Yang et al. 2005) . The Rad51 presynaptic filament develops at the 3′ overhanging ssDNA when BRCA2 nucleates Rad51 polymers specifically at the double-stranded-single-stranded DNA junctions to displace RPA, creating a Rad51 nucleofilament (Yang et al. 2005) . Additional support for an essential role of these tumor suppressors in HR comes from recent reports that Rad51 is overexpressed in BRCA1 mutated tumors and can rescue the IR sensitivity of BRCA1 deficient cells (Martin et al. 2007) .
Following HJ formation, DNA polymerase-mediated copying of the sister chromatid template and resolution of the HJ intermediates by RecQ helicases is necessary for completion of this reaction (Ira et al. 2003; Wu and Hickson 2003) . Failure at almost any step of this complex process has been implicated in cancer predisposition Jasin 2002 ).
Molecular anatomy of a DSB
DNA DSBs rapidly induce a series of cooperative and parallel signaling events at the site of DNA damage to activate DNA repair and checkpoint responses. Numerous and varied post-translational modifications and DNA processing events facilitate recognition of DNA DSBs by an elaborate system of macromolecular DNA repair complexes.
The exact temporal order of events for DSBR is unknown; however, studies in yeast and in mammalian systems suggest a number of interdependent events ensue rapidly at breaks Lisby et al. 2004; Bekker-Jensen et al. 2006; Greenberg et al. 2006; Sobhian et al. 2007 ). ATP-dependent chromatin relaxation occurs within minutes at the site of DNA damage (Kruhlak et al. 2006) . Nucleosome structure is disrupted at DNA directly flanking the DSB by chromatin remodeling complexes, Bradshaw et al. 2005; Bekker-Jensen et al. 2006; Berkovich et al. 2007) . Chromatin is extensively modified next to the non-nucleosomal DNA at DSBs via processive phosphorylation of a C-terminal serine residue on the histone variant H2AX. Approximately 10% of the histone H2A species within a cell is derived from H2AX, which is distinguished by the presence of consensus PIKK phosphorylation sites within its C-terminal tail. The phosphorylated form of H2AX is referred to as γH2AX. Seminal studies by Bonner and colleagues demonstrated that H2AX flanking a DSB is extensively modified by DNA damage inducible, wortmannin-sensitive phosphorylation (Rogakou et al. 1998; Rogakou et al. 1999) . Estimates support a model whereby megabases of chromatin flanking a single DSB are modified by H2AX phosphorylation (Rogakou et al. 1999) ; however, more direct measures of γH2AX boundaries are required to precisely determine the extent of γH2AX involvement along chromatin adjacent to DSBs.
Mechanisms responsible for spreading of H2AX phosphate along chromatin have recently become clearer. In mammalian cells, H2AX is phosphorylated by redundant PIKK signaling from ATM, ATR and DNA-PK (Ward and Chen 2001; Furuta et al. 2003; Stiff et al. 2004) . Extensive phosphorylation by PIKKs proceeds to modify H2AX that is present at contiguous stretches of chromatin. This allows binding of H2AX by the mediator of DNA damage checkpoint protein 1 (MDC1) through the MDC1 BRCT (BRCA1 C-terminal repeat) domain (Stewart et al. 2003; Stucki et al. 2005 ). While MDC1 is predicted to be downstream of H2AX phosphorylation with respect to DSB recruitment, the processes are cooperative rather than linear. MDC1 directs ATM to chromatin regions flanking DSBs, resulting in a feed-forward phosphorylation of H2AX (Lou et al. 2006 ). The binary γH2AX-MDC1 interaction appears to mediate nearly all of the chromatin associated foci formation following DNA DSBs (Bassing et al. 2002; Celeste et al. 2002; Celeste et al. 2003) .
Despite this dramatic effect on DSB morphology as assessed by imaging studies of DNA repair protein ionizing radiation induced foci (IRIF), γH2AX or MDC1 deficiency does not have as significant an influence on DNA DSB repair as deficiency of many of the repair factors that it assembles into IRIF Evers and Jonkers 2006; Lou et al. 2006) . While BRCA1 and the M/R/N (Mre11/Rad50/NBS1) complex are all γH2AX-MDC1 dependent for foci formation Furuta et al. 2003) , they are not completely epistatic with respect to MDC1-γH2AX and DSB repair. BRCA1 or M/R/N null mice die early during embryonic development, whereas MDC1 or γH2AX −/−mice are viable Lou et al. 2006) . Moreover, the repair deficiencies in M/R/ N (Luo et al. 1999; Kang et al. 2002) or BRCA1 (Gowen et al. 1996; Hakem et al. 1996; Liu et al. 1996) null mice are more severe than mice lacking either MDC1 or γH2AX. In addition, while H2AX deficiency impairs HR (Unal et al. 2004; Xie et al. 2004 ), BRCA1 depletion further reduces HR in this setting (Xie et al. 2004) , indicating that BRCA1 and H2AX have nonlinear roles in DNA repair. Finally, BRCA1 and the M/R/N are recruited to laser-induced DSBs in the absence of H2AX or MDC1 ; however, this MDC1-γH2AX independent recruitment is limited to the non-nucleosomal regions directly flanking DSBs (Lukas et al. 2004 ).
These observations point to adjunct or parallel roles for chromatin-associated BRCA1 and M/R/N during DSBR and suggest association with the non-nucleosomal regions flanking the breaks instead mediates their major contributions to DNA repair. This makes some intuitive sense, as the repair chemistry actually occurs in these regions. Extensive imaging of breaks reveals the particular subdomain (chromatin vs DNA proximal to the break) of the DSB region recognized by BRCA1 and many of its associated repair proteins (Bekker-Jensen et al. 2006; Sartori et al. 2007) . Within the resolution limits of fluorescence microscopy, many repair factors are exclusively limited to either the chromatin regions or the nonnucleosomal DNA regions flanking laser-induced DNA DSBs (Fig. 1b) . For example, MDC1 and ATM display chromatin association, delineated by colocalization with γH2AX and not RPA at laser-generated DSBs. ATR and Rad51 display primarily non-nucleosomal DNA localization, and BRCA1 and the M/R/N concentrate to both chromatin regions and to non-nucleosomal regions flanking breaks (Bekker-Jensen et al. 2006) .
Strict placement of repair proteins to one particular region of a DSB, however, does not adequately explain all observed checkpoint and repair signaling dependencies. For example, elegant studies have revealed that CHK2 is phosphorylated at a DSB by the ATM kinase and then migrates throughout the nucleus to phosphorylate its substrates (Lukas et al. 2003) . CHK2 phosphorylation, however, is independent of H2AX or MDC1 (FernandezCapetillo et al. 2002; Goldberg et al. 2003) . Thus, retention of ATM by γH2AX-MDC1 on chromatin is not required for all ATM signaling events at DSBs. Perhaps ATM recruitment to DNA regions proximal to the break via interaction with the C terminus of NBS1 is sufficient for ATM-dependent signaling events to CHK2 (Falck et al. 2005) , while ATM chromatin association is responsible for a different subset of phosphorylation events among the vast network of ATM substrates ). The recent advent of chromatin IP (CHIP) methods to determine DSB association has the potential to shed light on some of these unanswered questions by determining the precise nucleotide position of repair factor association at a DSB (Potts et al. 2006; Rodrigue et al. 2006; Berkovich et al. 2007) The BRCA1 tumor suppressor network Breast cancer is the most common malignancy and the second leading cause of cancer-related mortality among women in the US. The majority of breast cancer is termed sporadic. Its occurrence is thought to be unrelated to genetic inheritance, as these cancers do not cluster in familial patterns. Approximately 10% of breast cancers do show a familial pattern of distribution and roughly half of these are derived from germline mutations in BRCA1 and BRCA2 (Nathanson et al. 2001) . Rare syndromes, and unidentified genetic causes contribute to a small percentage of inherited breast cancer cases and more than half of all familial breast cancer is derived from unknown genetic causes, commonly referred to as breast cancer susceptibility X (BRCAX) genes (Nathanson et al. 2001) . The identification of the BRCA1 and BRCA2 genes Miki et al. 1994; Wooster et al. 1994 ) has enabled researchers a means to investigate the molecular basis of inherited breast cancers. Such endeavors have revealed a network of genes relevant to BRCA1 and BRCA2 genome integrity function in breast cancer susceptibility (Walsh and King 2007) .
Heterozygous BRCA1 and BRCA2 mutation carriers display high penetrance cancer phenotypes, with up to an 85% lifetime risk of breast cancer (King et al. 2003) . They also have a strong predisposition to ovarian epithelial cancer, with BRCA1 mutations conferring a greater risk than BRCA2 (King et al. 2003) . These genetic loci display classical tumor suppressor alterations characterized by loss of heterozygosity at the wild-type (wt) allele and retention of mutant copies. Family history enables identification of at-risk individuals that can be screened for germline BRCA1 and two mutations. Screening has clear clinical value, as mutation carriers that have undergone prophylactic salpingo-oophorectomy and mastectomy display an 80-90% reduction in the incidence of breast and ovarian cancer in 8-year periods following surgery (Rebbeck et al. 1999; Rebbeck et al. 2002) .
The initial clues to BRCA1 function came from seminal studies by Scully and Livingston. Discreet, intra-nuclear BRCA1 foci were observed to colocalize with the Rad51 recombinase in response to DNA damaging agents (Scully et al. 1997a; Scully et al. 1997b) . Contemporaneous discovery of BRCA2 interaction with Rad51 (Sharan et al. 1997) led to the hypothesis that BRCA1 and BRCA2 play integral roles in specific types of DNA repair activities in response to endogenous and exogenous genotoxic stresses Elledge and Amon 2002) . Consistent with this DNA repair hypothesis of inherited breast cancer suppression, BRCA2 associates with BRCA1 in a protein complex that colocalizes with Rad51 at DNA damage sites ). BRCA1 and BRCA2 cells display similar types of spontaneous chromosomal abnormalities and sensitivity to DNA damaging agents that require HR for repair (Venkitaraman 2002) . Moreover, BRCA1 is extensively phosphorylated after DNA damage by the checkpoint kinases and suppressors of inherited breast cancer, ataxia telangiectasia mutated (ATM) (Cortez et al. 1999; Tibbetts et al. 2000) , and CHK2 (Lee et al. 2000) .
Clinical BRCA1 mutations invariably disrupt multiple cellular checkpoint and repair responses to genotoxic stress (Xu et al. 1999; Xu et al. 2001a) , buttressing the hypothesis that BRCA1 DNA repair activities are germane to its roles in tumor suppression. In particular, BRCA1 is required for the IR-induced S phase and G2 checkpoints and for HR repair of DSBs (Moynahan et al. 1999; Moynahan et al. 2001) . The molecular basis underlying these repair activities has been largely undefined. Given the evidence that a network of DNA repair proteins functions in concert with BRCA1 to maintain genome stability, it will be important to identify new members in the BRCA1 network that might also contribute to suppression of breast and ovarian cancer.
BRCA1 is a large protein of 1,863 amino acids. It has several distinct domains that are essential for its DNA repair functions (Fig. 2a) , and each of these domains is affected by cancer causing mutations to the BRCA1 gene. It has an amino terminal RING domain with E3 ubiquitin ligase activity that is activated on chromatin by DNA damage (Polanowska et al. 2006) . Clinical BRCA1 RING domain mutations disrupt this E3 activity suggesting its importance for tumor suppression (Brzovic et al. 2001a; Brzovic et al. 2001b) . DNA damage inducible BRCA1 E3 ligase activity requires Mre11 and PIKK-dependent association with the E2 enzyme UbcH5c (Polanowska et al. 2006) . BRCA1 E3 ubiquitin ligase activity is required to ubiquitinate the BRCT interacting partner CtIP .
DNA damage induces BRCA1-dependent, CtIP chromatin association and IRIF formation, suggesting the ubiquitinated form of CtIP is targeted to DNA damage sites, rather than to the proteasome for degradation . Should BRCA1-dependent CtIP ubiquitination be a paradigm for how BRCA1 E3 activity influences the DNA damage response, it suggests that BRCA1 functions in an analogous manner to the ATM kinase to modify proteins at the site of DSBs for appropriate DNA repair and checkpoint functions (Lukas et al. 2003; Kitagawa et al. 2004) .
Approximately 60% of the BRCA1 protein is derived from exon 11 of the BRCA1 locus. The BRCA1 region encoded by exon 11 is extensively phosphorylated in Fig. 2 The BRCA1 tumor suppressor network. a Domain structure of the BRCA1-BARD1 heterodimer. Characteristic domains for BRCA1 include the amino terminal RING domain, Exon 11 region, and the BRCT domains. Loss of function, cancer predisposing mutations occur in each of these domains. b BRCA1 supercomplexes displaying characteristic, unique binding partners. A schematic is shown that displays DSB recognition elements and repair activities for each BRCA1-BARD1 containing complex in the DNA damage response response to IR by the checkpoint kinases and breast cancer suppressors CHK2 and ATM (Cortez et al. 1999; Lee et al. 2000; Tibbetts et al. 2000) . Mutations disrupting exon 11 results in the production of a hypomorphic BRCA1 protein derived from an in-frame splicing event between exons 10 and 12. Mice possessing exon 11 deletions can survive to adulthood in some strains or in combination with p53 heterozygosity (Cressman et al. 1999a ). While BRCA1Δ11 is recruited to DNA damage sites, it fails to deliver Rad51 to DSBs (Huber et al. 2001 ) and cells expressing Δ11 have HR deficiency (Moynahan et al. 1999; Snouwaert et al. 1999) . Exon 11 mutations predispose to breast and ovarian cancer in humans, and Δ11 mice develop spontaneous mammary gland cancers as well as lymphomas and squamous cell carcinomas (Cressman et al. 1999b; Ludwig et al. 2001; Xu et al. 2001b) .
At the far C terminus of BRCA1 is the BRCT repeat. BRCT domains recognize their cognate interacting partners by binding to phosphoserine residues. The BRCA1 BRCT domain has a recognition element for sequences S (PO 4 ) PXF (Manke et al. 2003; Yu et al. 2003 ). This sequence is embedded in its three known direct interaction partnersthe BACH1 helicase (Cantor et al. 2001) , recently found to be mutated in Fanconi Anemia Syndrome and in familial breast cancer, CtIP (Wong et al. 1998; Yu et al. 1998) , and Abraxas (Kim et al. 2007b; Liu et al. 2007; Wang et al. 2007 ). The BRCT phosphopeptide-binding domain is frequently present in DNA repair proteins and is the most common region of clinical missense mutations within BRCA1. Cancer causing BRCT domain mutations invariably disrupt BRCT tertiary structure (Williams et al. 2001 ) and ability to interact with phosphorylated forms (Manke et al. 2003; Yu et al. 2003 ) of each of BACH1, CtIP, and Abraxas.
The BRCA1-associated ring domain protein 1 (BARD1) is the only known stoichiometric binding partner of BRCA1 (Wu et al. 1996) . BARD1 has a similar domain structure to BRCA1 and the direct, binary interaction with BARD1 increases BRCA1 in vitro E3 ligase activity (Xia et al. 2003) . Null phenotypes for BRCA1 and BARD1 in mice and frogs are indistinguishable and epistatic with respect to progression through embryogenesis, suggesting a single, common biological function for the BRCA1-BARD1 heterodimer (Joukov et al. 2001; McCarthy et al. 2003) . While BARD1 mutations have been reported (Thai et al. 1998) , it is surprising that it appears that BARD1 mutations do not significantly contribute to inherited breast cancer, as is the case for BRCA1 interacting partners BRCA2 and BACH1 (Walsh and King 2007) .
BRCA1 has been reported to interact with many DNA repair factors that when mutated, each lead to breast cancer (Wang et al. 2000) . This spawned a model of a single megacomplex required to repair DNA damage, implying a linear pathway to tumor suppression (i.e., mutation of BRCA1 interacting partners would produce similar phenotypes in vivo with respect to cancer development). But several observations suggested a more complex picture. BRCA1 and two tumors are histopathologically different with BRCA2 tumor commonly being estrogen receptor (ER) positive and BRCA1 tumors typically being of the basaloid class, or ER, progesterone receptor (PR), and Her 2 negative (Sorlie et al. 2003) . Expression patterns at the mRNA level for BRCA1 and BRCA2 breast and ovarian cancers can also be used to segregate each to different subclasses of malignancy (Jazaeri et al. 2002; Sorlie et al. 2003) .
This nonlinearity of in vivo phenotypes is more indicative of a network model for BRCA1 function in tumor suppression, perhaps analogous to oncogenic Ras signaling in cellular transformation (White et al. 1995) . Oncogenic Ras constitutively activates multiple signaling pathways and each of these contributes in a subtotal manner to Ras signaling and oncogenicity. The partially overlapping responses of BRCA1 and associated partners in the DNA damage response may explain the different clinical manifestations of mutations to genes encoding BRCA1 interacting partners. Indeed, BRCA1-BARD1 heterodimers exist in several distinct complexes before genotoxic stress and each migrates to the site of DNA damage where it forms new protein associations (supercomplexes) following checkpoint kinase signaling (Fig. 2b) (Greenberg et al. 2006) . Each of these complexes is responsible for distinct elements of the BRCA1-dependent DNA damage response. Thus, clinical mutations of genes encoding BRCA1 interacting partners might only partially recapitulate true BRCA1 nullizygosity (Greenberg et al. 2006) , providing an explanation for the different susceptibility syndromes of BRCA2 carriers (Goggins et al. 1996; Consortium 1999) and lower penetrance for PalB2 (Erkko et al. 2007; Rahman et al. 2007; Xia et al. 2007) , and BACH1 (Seal et al. 2006) mutations.
Initial studies predicted the existence of at least three different DNA damage inducible BRCA1-BARD1 supercomplexes defined by new protein interactions with the checkpoint and repair proteins topoisomerase II B binding protein 1 (TopBP1) and members of the M/R/N complex (Greenberg et al. 2006) . TopBP1 primarily associated with the BRCA1 complex defined by the BRCT interacting protein BACH1, while the M/R/N complex was largely associated with the BRCA1 complex defined by an interaction at the BRCT domain with CtIP. This BRCA1-CtIP-M/R/N complex has recently been implicated in DSB end resection in an orthologous manner to M/R/X-Sae2 complexes in yeast (Sartori et al. 2007; Chen et al. 2008 ). The third BRCA1-BARD1 complex is defined by interaction with BRCA2 and Rad51. This complex contains the Rad51 recombinase protein, but not the M/R/N or TopBP1 inducible interactions. The BRCA1-BRCA2 complex likely contains an additional member required for function in HR, the recently discovered tumor suppressor protein PalB2 ) (Greenberg laboratory, unpublished results) .
More recently, a fourth protein complex defined by new BRCA1 BRCT interactions was discovered (Kim et al. 2007a; Sobhian et al. 2007; Wang et al. 2007 ). This new complex demonstrates phosphorylation-dependent interactions at the BRCA1 BRCT domain with a novel protein termed Abraxas. Abraxas mediates interaction between BRCA1 and the ubiquitin binding protein Rap80 (Kim et al. 2007b; Liu et al. 2007; Wang et al. 2007 ). This BRCA1-BARD1 complex also contains the BRCC36 deubiquitinating (DUB) enzyme (Sobhian et al. 2007 ). Each of these members is required for the IR-induced G2 checkpoint and repair of IR-induced DNA damage (Kim et al. 2007a; Sobhian et al. 2007; Wang et al. 2007 ). This complex is mutually exclusive to the complexes containing CtIP or BACH1 and also appears to lack interaction with the BRCA1 complex containing BRCA2.
Recognition of DNA DSBs by BRCA1 protein complexes
Imaging studies using a far-wave UV laser to create defined subnuclear volumes of DNA DSBs reveal that BRCA1 migrates to both chromatin regions flanking the DSBs and to the ssDNA regions directly at the DSB (Bekker-Jensen et al. 2006 ). In addition, BRCA1 can recognize DNA DSBs occurring in G1 of the cell cycle, while BRCA2-Rad51 DSB association is restricted to S and G2 cell cycle phases (Bekker-Jensen et al. 2006) . It is possible that this G1 DSB association for BRCA1 is responsible for its reported involvement in promoting certain types of NHEJ (GuirouilhBarbat et al. 2004; van Heemst et al. 2004; Zhuang et al. 2006) . BRCA1 chromatin association at DSBs is dependent on epigenetic modifications initiated by γH2AX-MDC1. In the absence of these proteins, BRCA1 still migrates to laserinduced DSBs, but now its DSB association is restricted to the DNA regions at the center of the stripe, rather than to the chromatin regions flanking the breaks (Bekker-Jensen et al. 2006) .
Clinical mutations at the C-terminal BRCA1 BRCT domain disrupt DSB localization. BRCA1 fails to efficiently access DSBs in HCC1937 breast cancer cells. These cells express detectable levels of a single BRCA1 allele containing a frameshift mutation at codon 1755 that deletes the second BRCT domain. BRCA1 (1-1755) fails to localize to DNA DSBs in the form of intra-nuclear foci and is very weakly detectable at laser-induced DSBs (Greenberg et al. 2006) . Such BRCT mutations disrupt BRCA1 interaction with its known BRCT interacting partners, implying that one or more BRCT ligands is utilized to target BRCA1 to DSBs.
Reconstitution with wt BRCA1 in HCC1937 cells restores DSB localization and DNA damage response activities (Scully et al. 1999; Xu et al. 2001a; Xu et al. 2002) . Thus, HCC 1937 cells reconstituted with wt vs clinical BRCA1 mutants provide a convenient genetic system to examine relationships between BRCA1 and its associated partners with respect to DSB recruitment. BARD1, BRCA2, and Rad51 all failed to efficiently access DSBs when associated with clinical BRCA1 BRCT mutants (Greenberg et al. 2006 ). The converse is not true as BRCA1 efficiently migrates to laser-induced DSBs in BRCA2-mutated cells (Greenberg et al. 2006 ). BRCA2 similarly depends on its binding partner PalB2 for chromatin association and DSB localization , and PalB2 is readily detectable in BRCA1-BARD1 complexes (Greenberg lab, unpublished results) .
These observations imply that BARD1-BRCA1 heterodimers control HR in conjunction with PalB2 to deliver BRCA2-Rad51 complexes to DSBs, although formal proof of this hypothesis is currently lacking. BRCA2 could then facilitate Rad51-mediated presynaptic filament formation on ssDNA and strand invasion into the homologous region of the sister chromatid (Yang et al. 2005) . As BRCA2 depends on both BRCA1 and PalB2 for DSB localization, it is plausible that either BRCA1 or PalB2 provides the DSB recognition element for this complex. An additional possibility is that each of these proteins merely stabilizes BRCA2 on chromatin flanking DNA damage, allowing BRCA2 to migrate to non-nucleosomal regions where it can bind to single-strand-double-strand DNA junctions (Yang et al. 2002) .
In contrast to many of its constitutive interactions, DNA damage-inducible interactions with TopBP1 and the M/R/N were BRCA1-independent for DSB recruitment. Both the M/R/N and TopBP1 accessed DSBs indistinguishably in cells containing wt or mutated BRCA1 (Greenberg et al. 2006) . Similarly, BRCA1 did not depend on either TopBP1 or the M/R/N for DSB recruitment. These results suggest that BRCA1 forms supercomplexes at the site of DNA damage by parallel and independent recognition of DSB elements with its DNA damage inducible interacting partners. In agreement with this assertion, BRCA1 BRCT mutants that inefficiently access DSBs also largely fail to interact with TopBP1 (Greenberg et al. 2006) .
The sought-after BRCT interacting partner that provides the chromatin-associated, γH2AX/MDC1-dependent DSB recognition element for BRCA1 was recently discovered as the ubiquitin-binding protein Rap80 (Fig. 3) . Rap80 binds to the BRCA1 BRCT domain, but fails to associate with clinical BRCT mutants that are deficient in DSB localization.
Moreover, Rap80 localization to DSBs is independent of BRCA1 interaction. Rap80 has tandem ubiquitin interaction motifs (UIM) that are essential for its DSB localization. UIM domains are alpha helical structures that can recognize ubiquitin (Harper and Schulman 2006) . Conjugated ubiquitin is rapidly generated at DSBs (Morris and Solomon 2004) , although it was initially unclear if ubiquitin chain accumulation at breaks was relevant to BRCA1 recruitment. Both UIM domains are essential for Rap80 DSB localization and for targeting BRCA1 to DSBs, suggesting ubiquitin is the DSB targeting signal for BRCA1-Rap80 complexes. In strong support of this assertion, Rap80 UIM mutants fail to bind ubiquitin and to recognize IR-induced DSBs (Kim et al. 2007a; Sobhian et al. 2007; Wang et al. 2007) .
Proteins can be modified by polymers of ubiquitin formed by isopeptide linkages between any of seven different lysine residues and the C-terminal ubiquitin glycine residue. In vivo, all seven different linkages are used with distinct consequences (Peng et al. 2003) . Proteins covalently linked to K48-ubiquitin (K48-Ub) chains are targeted for degradation by the proteasome, whereas substrates of K63-linked ubiquitin (K63-Ub) are utilized for signaling events and not proteolytic destruction (Pickart and Fushman 2004) . Rap80 demonstrates specificity for the non-K48 linked ubiquitin polymers (Sobhian et al. 2007 ). The Rap80 UIM domains bind K63-Ub polymers with a preference for ubiquitin chains of four ubiquitin molecules or more. They do not efficiently recognize K48-Ub chains under similar conditions. The Rap80 UIM domains also recognize proteins tagged in vivo with K6-linked ubiquitin (Sobhian et al. 2007 ). It will thus be interesting, from a molecular recognition standpoint, to determine the structural basis for Rap80 ubiquitin binding specificity. This in vitro binding specificity for Rap80 appears relevant to DSB recognition in vivo. BRCA1 colocalizes at DSBs with wt, conjugated Ub, and with K6 and K63-Ub. K48-Ub chains were not detected at IRIF. This does not signify that K48-linked ubiquitination events are absent at DNA damage sites; rather that they are simply unlikely to form discernable structures for DSB recognition events (Morris and Solomon 2004; Sobhian et al. 2007) .
Depletion of Rap80 greatly reduces BRCA1 IR-induced foci formation in a manner reminiscent of MDC1 and γH2AX null cells (Kim et al. 2007a; Sobhian et al. 2007; Wang et al. 2007) , suggesting Rap80 may be the missing link between epigenetic events involving H2AX phosphorylation on chromatin and recruitment of BRCA1 to higher order structures at breaks. Consistent with this notion, Rap80 is almost completely abolished at DSBs by MDC1 depletion (Sobhian et al. 2007) . BRCA1 is recruited to DSBs at similar frequencies in MDC1 and Rap80 depleted cells however its intensity at DSBs is diminished Bekker-Jensen et al. 2006; Sobhian et al. 2007 ). In MDC1 null cells, BRCA1 is restricted to non-nucleosomal DNA subdomains directly flanking the breaks. Thus, not all BRCA1 complexes are MDC1 or Rap80 dependent for DSB recruitment. Perhaps different regions of BRCA1 provide unique DSB recognition elements for the BACH1, CtIP, and BRCA2 containing complexes.
Independent lines of investigation have provided additional genetic evidence to support that Rap80 targets BRCA1 to K63-Ub at DSBs ). The Ubc13 E2 enzyme is responsible for K63-Ub synthesis and has an established role in postreplicative repair in conjugation with the Rad5 E3 enzyme in lower eukaryotes. Rad5-Ubc13 modifies a specific PCNA lysine residue with K63-Ub to enhance error-free mechanisms of repair at stalled replication forks (Hoege et al. 2002; Stelter and Ulrich 2003) . Vertebrates appear to have commandeered this pathway for repair of DSBs by HR. Ubc13 deficiency reduces HR and inhibits conjugated ubiquitin formation at DSBs and BRCA1 IRIF ). Several laboratories have recently shown that Ubc13 functions in concert with the Ring Finger 8 (RNF8) E3 ligase to ubiquitinate substrates at DSBs (Huen et al. 2007; Kolas et al. 2007; Mailand et al. 2007 ).
Both RNF8 and Ubc13 are required for Rap80-mediated BRCA1 DSB localization and are also needed for the G2 checkpoint and prevention of supersensitivity to IR (Fig. 3) . As K63-Ub is likely to be a recognition element for only one specific BRCA1 complex containing Rap80, it will be interesting to determine if other BRCA1 complexes are also Ubc13 dependent for DSB localization. Fig. 3 Model for the role of ubiquitin dynamics in BRCA1-directed DSB repair. RNF8-Ubc13 synthesizes K63-Ub on chromatin-associated substrates at DSB sites in a manner dependent on γH2AX-MDC1. Rap80 binds DSB-associated K63-Ub to target the BRCA1-BARD1 E3 Ub ligase and the BRCC36 DUB to DSBs. RNF8-Ubc13-dependent ubiquitination is also required for 53BP1 DSB recruitment. These opposing Ub synthesizing and degrading activities by RNF8-Ubc13 and Rap80-BRCC36, respectively, may alter ubiquitination events and chromatin structure to influence appropriate DSB repair. Alternatively, Rap80-BRCC36 DUB activity may represent a negative feedback mechanism to terminate RNF8-Ubc13 recruitment signals A second important finding is that BRCA1 failed to demonstrate DNA damage-induced E3 ligase activity in cells depleted of Ubc13. These results suggest that BRCA1 E3 activity is stimulated by recruitment to K63-Ub structures at DSBs. If this hypothesis is correct, Rap80 should also be required for DNA damage-induced BRCA1 E3 activity. Furthermore, Rap80 provides a DSB recognition capacity for the BRCC36 DUB (Sobhian et al. 2007) . BRCC36 is capable of K63-Ub hydrolysis, the same type of Ub linkage recognized by Rap80 and synthesized by RNF8-Ubc13. It is tempting to speculate that this may provide a negative feedback system to terminate DNA damage recognition signals at DSBs (Fig. 3 ). An alternative scenario is that Rap80 directs ubiquitin-remodeling events at DSBs that are required for appropriate DSB repair, by targeting both BRCC36 mediated K63-Ub hydrolysis and BRCA1 E3 ligase activities to DSB sites. Thus, concomitant K63-DUB activity and K6-Ub ligase activity would alter the landscape of ubiquitin on chromatin flanking breaks to influence DSB repair.
The BRCA1-BACH1-TopBP1 complex has been evenly less definitively assigned to a particular DSB region. This BRCA1 subcomplex contains members of the mismatch repair family MLH1 and MSH2 (Greenberg et al. 2006; Peng et al. 2007 ). Thus, it is composed of several DNA recognition elements in addition to BACH1 and TopBP1, suggesting it is involved in DNA recognition rather than chromatin-associated events at DSBs.
While recognition of K63-Ub vs DNA appears to explain, at least in part, BRCA1 chromatin vs DNA association at DSBs, there are many unresolved questions regarding the functional consequences of this differential localization. One could reasonably hypothesize that a specific BRCA1 complexes recognizes either non-nucleosomal DNA or chromatin regions. A second equally plausible model predicts the existence of a dynamic equilibrium between chromatin and DNA localization for a given BRCA1 complex. This would necessitate the same BRCA1 complex to be capable of recognizing both chromatin and DNA at breaks. In such a scenario, BRCA1 would track along a gradient of modified chromatin in cis to a DSB to more efficiently target the nonnucleosomal regions for recognition and delivery of repair factors.
In support of the first model, it appears that the BRCA1-CtIP (Sartori et al. 2007 ) and BRCA1-BRCA2-Rad51 (Bekker-Jensen et al. 2006 ) complexes localize to DNA regions at DSBs in S and G2 cell cycle phases, while recent evidence links the BRCA1-Rap80 complex to K63-Ub structures on γH2AX-MDC1 containing chromatin (Kim et al. 2007a; Sobhian et al. 2007; Wang et al. 2007 ). These data, while compelling, are qualitative and do not precisely define the location of each complex at a DSB. Thus, in the absence of higher resolution data, they do not definitively rule out the possibility that a particular BRCA1 complex can traverse both chromatin and DNA regions of a DSB.
Sophisticated imaging or CHIP studies will be required to determine the mobility of each BRCA1 subcomplex within the vicinity of a DSB. A related question is to what extent each of these complexes plays cooperative vs completely distinct roles in DSB repair. The answers to these questions will have relevance to determining relationships between DSB localization, BRCA1-controlled repair activities, and tumor suppression.
Concluding remarks
While less than half of familial breast cancer is explained by BRCA1 and BRCA2 mutations, a significant portion of inherited cancers is derived from mutation of BRCA1 interacting partners, implicating a BRCA1 network of interactions responsible for tumor suppression (Table 1) . Recently, three additional BRCA1-associated proteins BACH1, PalB2 (BRCA1-and BRCA2-associated) and TopBP1 were discovered to contain germline mutations in familial breast cancer pedigrees (Karppinen et al. 2006; Seal et al. 2006; Rahman et al. 2007 ). Perhaps additional rare alleles that contribute to breast cancer susceptibility remain to be discovered among the many BRCA1-BARD1 interacting partners. By understanding the basic biology of this genome integrity network, it may be possible to more efficiently search for additional suppressors of breast and ovarian cancer. Genes encoding BRCA1-associated proteins in inherited cancer syndromes. A list of genes encoding validated BRCA1-associated proteins (Wang et al. 2000; Greenberg et al. 2006 ) and the cancer predisposition syndromes associated with mutation of each gene. It is proposed that loss of function mutations in any of these genes predisposes to malignancy, at least in part, by disrupting the function of specific elements of BRCA1-dependent DNA damage responses.
